Quasi)resonance electron-capture processes in non-symmetrical (Z P ≃ 2Z T ) heavy ion-atom collisions are studied employing a semiclassical atomic Dirac-Fock-Sturm orbital coupled-channel approach within an independent-particle model. Systematic calculations of the electron-capture cross sections of the target K-shell electrons to the L subshells of the projectile have been carried out for the collisions of bare thorium (Z P = 90) and zinc (Z P = 30) nuclei with hydrogenlike ions (Z T = 36-47) and (Z T = 12-15), correspondingly. Strong relativistic effects, crucial for the case of Th 90+ -Ru 43+ (1s) collisions in the low-energy regime, are found. Various one-and two-electron capture processes occurring in course of the collisions of the two-electron system Th 90+ -Ru 42+ (1s 2 ) have been investigated in details in the wide range of collision energies 0.5-50 MeV/u. The impact parameter dependencies of the double electron-capture processes are also presented. Our study demonstrates a very significant role of the relativistic effects for the processes, which becomes crucial in the low-energy regime.
I. INTRODUCTION
calculations. In Sec. III, the results of calculations are presented and discussed. Subsections III A and III B are devoted to one-electron and many-electron systems, respectively. A brief conclusion is given in the final Sec. IV. Atomic units (a.u.) (h = e = m e = 1) are used throughout the paper unless otherwise stated.
II. THEORY
Here we briefly present the formalism used, for a complete description see Refs. [9, 11, 12] . Using the semiclassical approximation, where the atomic nuclei move along the classical trajectories and are considered as sources of a time-dependent external potential, we have to solve the time-dependent many-particle Dirac equation for the electrons involved in the process. We employ a method based on an independent particle model, where the many-electron HamiltonianĤ is approximated by a sum of effective single-electron Hamiltonians,Ĥ eff = ĥ eff , reducing the electronic many-particle problem to a set of single-particle Dirac equations for all (N) electrons of the colliding system:
subject to the initial conditions:
lim t→−∞ (ψ i (r, t) − ψ 0 i (r, t)) = 0, i = 1, . . . , N.
As the effective single-electron Hamiltonianĥ eff we use the two-center Dirac-Kohn-Sham Hamiltonian:
where c is the speed of light and α, β are the Dirac matrices. Index α = A, B indicates the centers, r α = r − R α , R α is the radius-vector of the centers (nucleus), V α nucl (r α ) and V C [ρ] = d 3 r ′ ρ(r ′ )
The (quasi)resonance EC from the ground target state to the projectile n = 2 states in heavy ion-atom collisions is considered. The resonance condition for the processes is realized when the energies of the states are close to one another or Z T ≃ Z P /2, equivalently (Z T and Z P are the target and projectile nuclear charges, respectively).
A. One-electron systems
We start our consideration with one-electron systems (collisions of a bare nucleus with hydrogenlike ions) and evaluate cross sections of EC to the projectile n = 2 substates.
In order to test our approach, it was applied to the non-relativistic well studied collision He 2+ -H(1s) (see, e.g., Refs. [17] [18] [19] [20] [21] and references therein). In figure 1 we present the energy dependence of the total EC cross section in comparison with the results of other calculations. At energies higher than 1 keV/u our data (TW) agree well with the most recent coupled-channel calculations of Winter [19] . There are some deviation in the high collision energy region results due to the representation of atomic (ion) states for moving nuclei used in our calculations, which becomes not good enough. It deals with an absence of the translation factor in our basis set, which starts to be important at collision energies E > 20 keV/u. In slow collisions (E < 0.7 keV/u) the description of internuclear motion affects the EC process. The results of calculations for the straight-line (indicated by "TW") and Rutherford (indicated by "TW RT") trajectories of colliding nuclei are presented in Fig. 1 , where an essential distinction of the results is observed. Such strong effect results from a resonance type of the process under consideration, which is very sensitive to various perturbations. As an example, for the He 2+ -H(1s) collision a strong isotope effect on the EC was observed and investigated by Stolterfoht et al. [18] . Our results obtained for the Rutherford trajectories are generally in a good agreement with the hidden crossing coupled-channel approach by Krstić [17] and the electron-nuclear dynamic approach by Stolterfoht et al. [18] , which take into account the effect of electron-nuclei interaction on the internuclear motion.
To test conformity of our evaluation for heavy systems we performed calculations for the Th 90+ +Rh 44+ (1s) collision in the non-relativistic limit (c → ∞), by using the same numerical routine, but multiplying the standard value of the speed of light by the factor 1000. The system is similar to the He 2+ -H(1s) one with the "scaling factor" f = 45. According to the scaling law [22] , valid for the non-relativistic ap- [19] , the hidden crossing coupled-channel approach by Krstić [17] , the electron-nuclear dynamic approach by Stolterfoht et al. [18] . "TW" (This Work) data are obtained for the straight-line trajectories of colliding nuclei, "TW NR: Th 90+ +Rh 44+ (1s)" data are obtained for the Th 90+ +Rh 44+ (1s) collision within the non-relativistic (NR) limit, for the straight-line nuclear collision trajectories and are presented using the "scaling factor", "TW RT" data are obtained for the Rutherford trajectories of colliding nuclei. collision are shown in Fig.1 (indicated as "TW NR: Th 90+ +Rh 44+ (1s)") and good agreement is obtained with the He 2+ -H(1s) ones.
In Fig. 2 we present the energy dependence of the EC cross section to the 2s and 2p states in comparison with available results of other calculations. Generally good agreement is obtained with the coupledchannel calculations of Winter [19] , the lattice time-dependent Schrödinger equation approach by Minami et al. [20] , the Gaussian basis approach by Toshima and Tawara [23] , the coupled-channel calculations of Minami et al. [20] based on and the even-tempered basis approach of Kuang and Lin [24, 25] (Minami*). The scaled non-relativistic data for heavy system Th 90+ +Rh 44+ (1s) are also presented and agree well with the He 2+ -H(1s) ones. limit, for the straight-line nuclear collision trajectories and are presented using the "scaling factor".
The calculations are performed using the basis set consisting of the positive-energy Dirac-Sturm orbitals 1s-8s, 2p-8p, 3d-8d, 4f -8f and 1s-5s, 2p-5p, 3d-5d (in the standard non-relativistic notation) at the projectile and target, respectively, supplemented with Sturm orbitals corresponding to the negativeenergy Dirac spectrum. It should be noted that the constructed basis satisfies the dual kinetic balance conditions [26] and does not contain the so-called "spurious" states [27] . We also note that evaluation of the cross sections at small collision energies demands much more accurate integrating over the impact parameter due to more complicated impact parameter dependency of the probabilities, see subsection III B.
The results of EC cross section calculations for the collisions of bare thorium (Z = 90) nucleus with hydrogenlike targets: krypton (Z = 36), zirconium (Z = 40), ruthenium (Z = 44) and silver (Z = 47)
are presented in Fig. 3 as functions of the collision energy. The data, obtained in the non-relativistic limit are also displayed in the figure for comparison. Depending on the target one could see totally different behavior of the EC cross section (the relativistic and non-relativistic as well) in the low-energy region.
In order to adept at the data we present correlation diagrams (dependencies of the quasimolecular energy levels on the internuclear distance) in Fig. 4 . According to the adiabatic picture (relevant in the lowenergy regime), in course of the collision the electron moves along a quasimolecular energy level and can transit to another ones only at the level (quasi)crossings (see, for example, Ref. [28] ). Let us start our discussion of the obtained results with the simplest case of the Th 90+ -Ag 46+ (1s) collision, Figs. 4(g)-(h).
One could see that the initially occupied target 1s level does not cross (for the non-relativistic case) or crosses other levels only at large internuclear distances (for the relativistic case), where level couplings and, hence, transition probabilities are negligible. That is why the EC cross sections go to zero at the low collision energies, Fig. 3(d) . In the case of Th 90+ -Zr 39+ (1s) collision, the initially target 1s level crosses the initially projectile n = 2 levels with strong coupling and disturbing ones, of the 1s target state is indicated by "1s". of the 1s target state is indicated by "1s". 2p 3/2 state. We proceed with the discussion of not too heavy ion-atom collisions in the next subsection.
B. Many-electron systems
Collision of heavy bare nuclei with hydrogenlike ions is a rather exotic object for experimental study.
That is why in the present subsection we consider (quasi)resonance EC processes in many-electron systems.
At the first step the method described in Sec. II was applied to the non-relativistic C 4+ (1s 2 )-He(1s 2 )
collision system in the range of collision energies 0.8-50 keV/u. In Fig. 7 , we present our results for SEC and DEC cross sections. The total and state-selective values are shown. The theoretical results obtained by Gao et al.
[29] within the advanced non-relativistic theoretical approach are also displayed for comparison. It is worth to specially note that our approach is based on the independent particle model, which is not good enough to provide reliable results for highly-correlated systems like helium. Nevertheless, the obtained data qualitatively correctly describe the behavior of the cross sections, including state-selective ones. Meanwhile, a considerable deviation for the DEC cross sections at small collision energies exists. In the following, we consider the Th 90+ -Ru 42+ (1s 2 ) heavy ion collision, where the resonance condition is fulfilled like in the C 4+ (1s 2 )-He(1s 2 ) one. In this system the electron-electron interaction is suppressed by the strong electron-nucleus one, thus making the independent-particle approximation very reasonable. As it was demonstrated in Sec. III A, the EC processes from the K target to the L projectile shells are resonance and are accompanied by the strongest role of the relativistic effects. Since the K-L transitions are dominant for the system, consideration of the two-electron target ion (Ru 42+ (1s 2 )) allows one to obtain the main contributions to the many-electron probabilities and cross sections of EC to the L projectile shell and vacancy creation in the K target shell for the target ions with a lower order of ionization up to the neutral ruthenium atom also.
In figures 8-10, the results of the SEC and DEC cross sections for the Th 90+ -Ru 42+ (1s 2 ) collision in the energy region 0.5-50 MeV/u are presented. The data obtained in the non-relativistic limit are also displayed in the figures for comparison. As in the one-electron case, we stress again a very important role of the relativistic effects, which for low-energy collision becomes crucial. orbital of ruthenium and the 2s, 2p orbitals of thorium. It can be seen that the probability of the processes increases (in average) with decreasing the collision energy, but the shape of the curves becomes more complex (more minima and maxima appear). As expected, the relativistic effects are very important as for magnitudes of the probabilities as for shapes of the curves. The relativistic effects become especially strong at small collision energies.
We also studied the role of a screening potential, which describes approximately the electron-electron interaction, and the influence of taking into account the Rutherford type of the nuclear trajectories compared to the straight-line ones. The results of the calculations obtained with and without screening potential, and for the straight-line trajectories are presented in Fig. 15 for the 3 MeV/u collision energy. As one can see from the figure, the screening potential influences only the magnitudes of probabilities, but not the shape of the curves. The account for the Rutherford trajectories compared to the straight-line ones is noticeable only for small impact parameters (less than 0.01 au) and, hence, has no effect on the total cross section of the processes. Rel NR Fig. 17 as functions of the collision energy. The strongest relativistic effect could be observed for collision with aluminium. Obviously, this is due to EC to the 2p 3/2 state (see Fig. 5(b) ), but the relativistic value is only around two times larger than the non-relativistic one for the collision energy about 10 keV/u.
IV. CONCLUSION
In the present paper, the (quasi)resonance EC transitions in the non-symmetrical (Z P ≃ 2Z T ) ionatom collisions have been investigated. A special attention has been paid to study a role of the relativistic effects. Systematic calculations of the EC of the target K-shell electrons to the L subshells of the pro- probabilities of EC to the L projectile shell and VC in the K target shell obtained for the collision of bare nuclei with two-electron ions are relevant with a good accuracy also for collisions with target ions of a lower ionization order up to neutral atoms. Because of an experimental investigation of the target K-shell VC seems much more probable than EC, the corresponding cross sections for collisions of bare thorium (Z = 90) nucleus with heliumlike targets: krypton (Z = 36), zirconium (Z = 40), ruthenium (Z = 44) and silver (Z = 47) and bare zinc (Z = 30) nucleus with heliumlike targets: magnesium (Z = 12), aluminium (Z = 13), silicon (Z = 14) and phosphorus (Z = 15) have been obtained. Again, the role of relativistic effects for the thorium-ruthenium collisions is crucial in the low-energy regime.
The calculations have been performed within the framework of the independent particle model using the coupled-channel approach with the atomic Dirac-Fock-Sturm orbitals. Our study demonstrates a very significant role of the relativistic effects for the EC processes, which becomes crucial in the thorium-ruthenium collisions in the low-energy regime. Thus, investigations of heavy highly charged ion-atom collisions seem very promising for tests of relativistic and QED effects in scattering processes. 
